Introduction {#s1}
============

The reconstruction of congenital deformities and large bone defects due to trauma and cysts/tumors in the oral and maxillofacial region are challenging and requires complicated surgical procedures. Grafting or orthognathic surgery methods are used in the treatment of these deformities. However, these applications cannot be fully trusted in obtaining the most ideal results ([@b1],[@b2]). Owing to its many basic advantages, distraction osteogenesis (DO) has been used successfully for many years in the treatment of deformities in the maxillofacial region ([@b3],[@b4]). The greatest advantage of DO over other surgical techniques is the simultaneous expansion of the surrounding soft tissue matrix (periost, blood vessels, nerve, muscle, mucosa, gingiva, skin, etc.) during bone extension ([@b3]). Despite the advances in DO techniques and technology, serious complications can occur because of the long consolidation phase (up to six months) ([@b1],[@b5]). Pin-tract infection, fibrous union or non-union, pain, fracture of the distractor, and psychological problems are among these complications ([@b3],[@b6]). These complications can be avoided by changing the rhythm of distraction or by stimulating bone regeneration that occurs during consolidation ([@b7]).

Many biostimulatory methods (low-density ultrasound, low dose laser therapy, recombinant growth factors, etc.) to induce new bone formation in DO have been the subject of research ([@b4],[@b8],[@b9],[@b10]). Although positive results have been reported in most of the methods used, clinical use is still not accepted ([@b11]). Extracorporeal shock wave therapy (ESWT), which is reported to induce new bone formation by increasing osteogenesis and angiogenesis in the bone recovery process, may contribute to the reduction of the treatment period by inducing consolidation-phase bone regeneration in DO ([@b12]).

Various mechanisms have been claimed to influence the osteostimulatory effect of ESWT. Many studies have shown that ESWT has this effect by triggering the expression of transcription factors, mediators, and growth hormones ([@b13],[@b14], [@b15]). ESWT has also been reported to induce mesenchymal cell proliferation and differentiation, and to promote osteogenesis by stimulating osteoblasts ([@b12],[@b13],[@b15],[@b16]). These effects have been shown to induce open fracture healing, shorten consolidation period in DO, and increase bone mineral density ([@b12],[@b17]). In DO, all the biostimulatory methods for accelerating the consolidation period are applied within the consolidation process. To date, no study has yet evaluated the prophylactic application of ESWT in DO prior to osteotomy. Therefore, this study aims to compare the results of ESWT before and after surgical procedure to determine the most appropriate application and to obtain the best bone healing process. The null hypothesis tested in this research is that the ESWT application does not affect the bone healing process.

Materials and methods {#s2}
=====================

Laboratory animals {#s2a}
------------------

Supported by the Project Management Office of Ondokuz Mayıs University with project number PYO.DIS.1904.12.007, this study received ethical approval on November 25, 2012 numbered 2011/65 from the Animal Experiments Local Ethics Committee. The experiment abided by the maintenance and use agreement of experimental animals. A total of 21 female New Zealand rabbits, 6--9 months of age and weighing approximately 2.75 kg, were used in the study. The subjects were kept in separate cages provided with standard food and water support in a 12 h night/day cycle. All animals received the same distractor device and bone extension protocol. After they were identified, the subjects were randomly assigned to three groups: Control (DO without ESWT) (n=7), A (ESWT applied after the latency period) (n=7), AB (ESWT applied before osteotomy and after the latency period) (n=7).

ESWT protocol {#s2b}
-------------

The electrohydraulic ESWT device (Orthogold 100, MTS Medical, Konstanz, Germany) and the unfocused applicator (OP155) were used in the study. Surgical lubricant gel was applied to the skin before ESWT application. The application was made by contacting the applicator of the device with the right mandible angle ([Figure 1](#fig1){ref-type="fig"}). ESWT with 500 pulse, 5 Hz, and 0.19 mJ /mm2 energy flow intensity was applied in the AB group in the first, second, and third weeks before osteotomy. For the control group, a placebo application was conducted with the applicator of the device turned off. In the A and AB groups, the same feature of ESWT was applied to the distraction zone at 5, 12, and 19 days after osteotomy. On the 28th day of the consolidation period, all the rabbits were sacrificed with a high dose of sodium pentobarbitone (Pentalyn; IE Ulagay, Istanbul, Turkey).

Surgical procedure {#s2c}
------------------

All subjects were starved a day before the surgery. The experimental animals were randomly selected without knowing to which group they belonged. All animals were intramuscularly administered with 50 mg/kg ketamine HCl (Ketalar, Pfizer, Istanbul, Turkey) and 8 mg/kg xylazine HCl (Rompun, Bayer, Istanbul, Turkey) as general anesthesia. About 0.5 ml articaine containing 1:200,000 epinephrine (Ultracain-DS; Hoechst Marion Roussel, Istanbul, Turkey) was applied as local anesthesia to the surgical site. After the mandible ramus area of the rabbits was shaved and aseptic conditions were established with iodine, a 3 cm linear incision was made at the inferior border of the left mandible. The bone surface was uncovered by elevating the full thickness flap. The osteotomy area passing between the first premolar tooth and the mental foramen was determined. Before osteotomy, a titanium distractor (Trimed, Electron Medical, Ankara, Turkey) was adapted parallel to the mandibular border ([Figure 2](#fig2){ref-type="fig"}). Afterward, a bone fracture was performed with a fissure bur under sterile saline irrigation and osteotomes without causing mental nerve damage ([Figure 2](#fig2){ref-type="fig"}). The incision area was closed up in layers with 4/0 suture (Vicryl, Ethicon, Brussels, Belgium). After a 5-day latency period, a distraction protocol was applied for 10 days at a distraction rate of 0.35 mm/12 h.

Postoperative care {#s2d}
------------------

For postsurgical pain and infection control, 1 mg/kg Tramadol (Contramal, Abdi İbrahim, Istanbul, Turkey) and 50 mg/kg Cefazolin Sodium (Sefazol, M Nevzat, Istanbul, Turkey) were administered intramuscularly twice a day for 4 days. The animals were given a soft-food diet for a week. The weights and nutritional status of the animals were checked daily by the veterinarian.

DEXA examination {#s2e}
----------------

The measurements were conducted with the DEXA scanner Hologic QDR 2000, (Discovery Series, Hologic, Inc., Waltham, Mass., USA) at Ondokuz Mayıs University Faculty of Medicine, Nuclear Medicine Department, on the first and fourth weeks of consolidation under general anesthesia applied intramuscularly with 20 mg/kg ketamine HCL (Ketalar, Pfizer, Istanbul, Turkey) and 5 mg/kg xylazine HCL (Rompun, Bayer, Istanbul, Turkey). The DEXA measurements were taken by the same clinician from the center of the distracted area, without knowing to which group the subjects belonged. The bone mineral density (BMD) and bone mineral content (BMC) values were determined using the small subject program ([Figure 3](#fig3){ref-type="fig"}).

Stereological analysis {#s2f}
----------------------

The preparations and stereological examinations of the tissue specimens were conducted blindly by a histologist. Soft tissues on the jaws were removed and decalcified for 21 days in formic acid (5%). After the decalcification, the tissues were fixed with formaldehyde (10%) and dehydrated gradually with alcohol. After dehydration, the samples were buried in fresh paraffin. About 7 μm-thick serial sections were obtained from each paraffin block with microtomes (Leica RM 2135; Leica Instruments, Nussloch, Germany). According to systematic random sampling manner, the paraffin blocks obtained from the samples taken from each jaw were sampled at a rate of 1/10. The first section was selected randomly. The selected sections were stained with hematoxylin--eosin and photographed with a color digital camera (Microbrightfield, Williston, VT, USA) using a light microscope (Leica M 4000 B, Germany) in a stereology analysis system (Stereoinvestigator 9.0, Microbrightfield, Williston, VT, USA). The Cavalieri method was applied to the light microscopy images to stereologically evaluate new bone, connective tissue, and neovascularization volumes. Point counting test grids were used to designate areas in sections ([Figure 3](#fig3){ref-type="fig"},). Gundersen and Jensen\'s formula was applied to determine the point density. The coefficient of error and the coefficient of variation were determined with this formula ([@b18]). This grid was randomly positioned on the computer screen. The volume of the distraction area in all the mandibular incisions was determined by the following formula: Volume= t x a/p x Σp where t is the section thickness; a/p is the area representing each point on the point counting table; and Σp the total number of points corresponding to the distraction area) ([@b18]).

Statistical analysis {#s2g}
--------------------

The data obtained from the densitometric and stereological evaluations were compared with the one-way ANOVA test by loading it on the SPSS (version 13.0, IL, USA) statistical program in a computer environment. The comparisons between the groups were performed using the one-way analysis of variance (ANOVA) followed by the post-hoc Tukey's HSD test. p values smaller than 0.05 were considered statistically significant.

Results {#s3}
=======

Clinical observations and animal condition {#s3a}
------------------------------------------

One rabbit in group A died in the experimental process because of infection and excessive weight loss. One rabbit in the control group was excluded from the experiment because of the unstable distractor. The remaining animals tolerated the osteotomy and distraction protocols. The distractor remained stable until the end of the experiment. After the DO application, all of the rabbits were observed to have a unilateral crossbite and an extensively lengthened incisor. The high resolution computed tomography (CT) images showed that the new bone formation in the distraction area was healthy in all groups ([Figure 4](#fig4){ref-type="fig"}).

BMD and BMC {#s3b}
-----------

The BMD and BMC values were determined at the end of the first and fourth weeks of the consolidation period in all animals ([Table 1](#table1){ref-type="table"}). The highest BMD value was found in the control group according to the measurements made at the end of the first week, followed by the A group and the AB group. In the analysis made at the end of the fourth week, the measurement values similar to those of the first week were found. No significant difference was found in the BMD results. Regarding BMC results, the highest value was seen in group A at the end of the first week and in the control group at the end of the fourth week. No statistically significant difference was found in the BMC results. Although the BMD and BMC values increased at the end of the fourth week in comparison with those in the first week, this increase was not statistically significant.

Tissue volumes {#s3c}
--------------

As shown in the stereological examination, new bone tissue, connective tissue, and neovascularization volumes were detected in the animals that were sacrificed after the completion of distraction ([Figure 5](#fig5){ref-type="fig"}). In comparing the volume of new bone tissue, the highest value was found in the AB group, and the difference was not statistically significant. The lowest new bone volume was observed in the control group. As shown in the results of the connective tissue volumes, the highest volumes were found was in the AB group, followed by the A group and the control group. The differences between the groups were not found to be statistically significant. When the neovascularization volumes of the groups were evaluated, the highest value was found in the control group, and the differences between control and AB and between control and A were statistically significant ([Table 2](#table2){ref-type="table"}).

![Timeline of experimental procedures. (SAC: Sacrification) Surgical procedure.](eor-053-125-e001){#fig1}

![A. Osteotomy line is posterior to mental foramen. Distractor was adapted with six mini screw. B. The custom made titanium distractor with 6 hole can provide 10 mm extension.](eor-053-125-e002){#fig2}

![A. Measurement of tissue volume with point count grid in light microscope images using Cavalieri method. B. The software used for DEXA measurements.](eor-053-125-e003){#fig3}

![Three-dimensional (CT) image showing unilateral cross-bite and incisor elongation.](eor-053-125-e004){#fig4}

![Histological image showing connective tissue areas of A (Control), B (Group A) and C (Group AB). The connective tissue areas are marked with (\*). New bone areas have been shown in G (Control), H (Group A) and I (Group AB) images. New bone areas are marked with (\*\*). New vessel areas have been shown in M (Control), N (Group A) and O (Group AB) images. New vessel areas are marked with black arrow. (original magnification x5, hematoxylin-eosin).](eor-053-125-e005){#fig5}

###### 

BMD and BMC data obtained from DEXA examinations at 1st and 4th week of consolidation (mean±standard deviation, BMD: Bone mineral density, BMC: Bone mineral content)

  ------------- ------------- ------------- ------------- -------------
                              Control       A             AB
  First Week    BMD (g/cm2)   0.69±0.09     0.62±0.10     0.62±0.08
                BMC (g)       0.022±0.011   0.025±0.005   0.022±0.008
  Fourth Week   BMD (g/cm2)   0.76±0.04     0.64±0.08     0.64±0.04
                BMC (g)       0.030±0.000   0.027±0.005   0.025±0.005
  ------------- ------------- ------------- ------------- -------------

###### 

Tissue volumes obtained from the stereological examination (mean±standard deviation, different superscript letters indicate significant difference).

  -------------------- ------------ ------------- -------------
                       Control      A             AB
  New Bone             0.20±0.02    0.22±0.04     0.24±0.04
  Connective Tissue    0.35±0.02    0.39±0.04     0.41±0.11
  Neovascularization   0.10±0.02a   0.07±0.01ab   0.07±0.01ab
  -------------------- ------------ ------------- -------------

Discussion {#s4}
==========

The acceleration of callus maturation, the improvement of the biomechanical properties, and the shortening of the consolidation period in DO have attracted the attention of researchers ([@b17]). Using a biostimulatory method that generates signals for the release of growth factors rather than only applying the growth factors in the distraction gap may have a greater strategic advantage ([@b3]).

ESWT may shorten the total treatment period by accelerating the callus maturation. In experimental animal models in the literature, ESWT has been reported to increase cell differentiation and neovascularization, thus accelerating the healing of fractures and increasing the amount of callus and cortical bone formation ([@b16],[@b19]). In addition, it has been shown to release more osteogenic and angiogenic growth factors, such as VEGF, endothelial nitric oxide synthase, proliferating cell nuclear antigen, and BMP-2 ([@b16]). ESWT has been shown to improve bone regeneration when applied with suitable parameters. However, the appropriate parameters for the induction of bone healing have not yet been determined. Not enough studies have been conducted to investigate the different parameters of the effect of ESWT on new bone formation in DO.

The effects of ESWT on DO were examined in two studies: the efficacy of two different energy flow densities in ([@b17]) and the effect of different numbers of impulses in ([@b12]). In both studies, ESWT was applied at the beginning of the consolidation period. Only Önger et al. ([@b12]) performed a second session on the fourth day of the consolidation. Whereas Lai et al. ([@b17]) reported that a 500 pulse shock wave therapy with an energy flow density of 0.19 mJ/mm2 is effective in increasing angiogenesis and bone regeneration and in shortening the consolidation process, Önger et al.([@b12]) showed that a 1,000 x2 pulse shock wave therapy at an energy flux density of 0.19 mJ/ mm2 resulted in a higher new bone volume and bone mineral density. Lai et al. ([@b17]) also found that shock waves applied at 21 kV and 500 pulses caused necrotic changes. In our study, the parameters reported to have a positive effect on ESWT in distraction were used, and obtaining more effective results would be possible by performing these applications both preoperatively and repeatedly.

Biostimulatory methods are effective in the angiogenesis and proliferative phases of wound healing because cell proliferation and differentiation, as well as the growth factor release, are at their highest during these periods ([@b20]). However, ESWT has also been shown to improve cortical and cancellous bone volume and to improve the mechanical properties of the bone in areas that do not undergo surgical procedures. ESWT shows this effect by generating transient bone marrow damage resulting in an anabolic process ([@b21]). Moreover, the preoperative application of ESWT to bone sites induces the proliferation of periosteum cambium cells and increases periosteal thickness ([@b22]). Thus, ESWT was performed before and after osteotomy in our study. The lack of difference between the AB group and the control group in terms of new bone volume can be due to the stimulation conducted in three sessions, the number of shock waves, or the energy flux density.

DEXA is an important diagnostic method widely used to determine bone mineral density and to predict fracture risk ([@b17],[@b23]). The BMD and BMC values of each rabbit were measured using the DEXA method at the end of the first week (early period) and the fourth week (late period) of the consolidation period in our study. No statistically significant difference was found between the pre- and post-distraction applications of ESWT (Group AB) and the post-distraction application (Group A). Therefore, ESWT be sufficiently applied after distraction. Furthermore, the DEXA values in the experimental groups were lower than the values in the control group in the early and late periods. This finding may be due to the use of unfocused applicators ([@b24]). The different results obtained from those of Lai and Önger et al. may be due to the increase in the number of sessions, as one or two sessions of treatment were reported to result in higher BMD intensity in the control groups ([@b12],[@b17]).

The Cavalieri method in stereology is an effective and easily applied method used to calculate the volume of a tissue or organ. As it enables a three-dimensional evaluation, it reflects the tissue features better than histological evaluations and gives more realistic values ([@b25]). In this study, no statistically significant difference was found between the experimental groups and the control group in terms of new bone volume values. These results indicate that the ESWT applied in these parameters is not positively affected. The results of the stereological examination are consistent with those obtained with DEXA. A temporal and spatial relationship was found between angiogenesis and new bone formation throughout the distraction process ([@b3]). The lack of an increase in new bone tissue may be due to the fact that angiogenesis is not induced by ESWT, which provides adequate blood support. In the control group, the neovascularization was found to be significantly higher than that in the experimental groups. Studies in which ESWT induced bone healing reported an increased VEGF and thus neovascularization ([@b16],[@b26]). Nonetheless, Özkan et al. reported that unfocused ESWT did not have a positive effect on neovascularization and on the new bone formation in mandibular defect healing ([@b27]).

No study has yet examined the efficacy of pre-op applications of ESWT at DO. The answer to the question of what biostimulant method will work best in what phase of distraction is uncertain. However, most researchers reported that biostimulatory methods should be applied during early consolidation ([@b28]). The reason for ineffectiveness may be the early application of the ESWT during the healing process. Whereas cartilage tissue is intensely seen in the early stages of distraction, new bone tissue occurs during the consolidation process ([@b29]). Freddo et al. reported that the biostimulant method applied during the maturation period caused a further increase in bone hardness and elastic modulus values ([@b30]). The other reason for this contradiction between the results of this study and those of other studies may be that ESWT is also applied in the further stages of the consolidation phase of this study. Mature bone may cause more of the shock wave energy to be reflected from the soft--hard tissue boundaries in the later stages of consolidation. Therefore, the stimulation effect of the shock wave will be less in the later stages of consolidation ([@b1]).

Conclusion {#s5}
==========

The ESWT application had no positive effects on the bone maturation during the consolidation phase of DO procedure performed in rats, when applied before osteotomy or both before and after the osteotomy.
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